Context: Monoclonal antibodies are being investigated for chronic pain to overcome the shortcomings of current treatment options. Objective: To provide a practical overview of monoclonal antibodies in clinical development for use in chronic pain conditions, with a focus on mechanisms of action and relevance to specific classes. Methods: Qualitative review using a systematic strategy to search for randomized controlled trials, systematic and nonsystematic (narrative) reviews, observational studies, nonclinical studies, and case reports for inclusion. Studies were identified via relevant search terms using an electronic search of MEDLINE via PubMed (1990 to June 2017) in addition to hand-searching reference lists of retrieved systematic and nonsystematic reviews. Results: Monoclonal antibodies targeting nerve growth factor, calcitonin gene-related peptide pathways, various ion channels, tumor necrosis factor-a, and epidermal growth factor receptor are in different stages of development. Mechanisms of action are dependent on specific signaling pathways, which commonly involve those related to peripheral neurogenic inflammation. In clinical studies, there has been a mixed response to different monoclonal antibodies in several chronic pain conditions, including migraine, neuropathic pain conditions (e.g., diabetic peripheral neuropathy), osteoarthritis, chronic back pain, ankylosing spondylitis, and cancer. Adverse events observed to date have generally been mild, although further studies are needed to ensure safety of monoclonal antibodies in early stages of development, especially where there is an overlap with non-pain-related pathways. High acquisition cost remains another treatment limitation. Conclusion: Monoclonal antibodies for chronic pain have the potential to overcome the limitations of current treatment options, but strategies to ensure their appropriate use need to be determined.
Introduction
According to the current International Association for the Study of Pain taxonomy, pain is an ''unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage.'' 1 This definition emphasizes the effects of pain, regardless of the source of pain perception, but provides no details on the types or causes of pain.
Several concepts are relevant to understanding the types and causes of pain. Temporally, pain is divided into acute and chronic (persisting beyond the normal time expected for healing) types, with three months generally used to delineate chronic nonmalignant pain. 2 Both acute and chronic pain can be divided into nociceptive and neuropathic pain types, although acute pain tends to be predominantly nociceptive. Nociceptive pain signifies neuronal activation of pain pathways secondary to actual or potential tissue damage. In contrast, chronic neuropathic pain ''is caused by a lesion or disease of the somatosensory nervous system.'' 2 However, as with many classifications and concepts applied to biological systems, there is an overlap between nociceptive and neuropathic pain. Transition from acute nociceptive to chronic neuropathic pain can be observed clinically and involves multiple peripheral and central mechanisms, including increased membrane excitability of peripheral nerves and dorsal root ganglia, spinal cord synaptic plasticity, changes in inhibitory control and descending modulation, central sensitization, and even immune to nervous system interactions. 3, 4 In such individuals, nociceptive and neuropathic pain types may coexist. In chronic neuropathic pain, several other mechanistic and clinical concepts are also important. Clinically, neuropathic pain is characterized by (1) hyperalgesia, or increased sensitivity to pain, and (2) allodynia, where pain or an increase in pain can be stimulated by normally nonpainful stimuli. 2 Central and peripheral sensitization are characterized by a distorted or amplified response to pain, out of proportion to the noxious stimuli. 5 These phenomena can occur to varying degrees in nociceptive, neuropathic, and inflammatory types of pain. Central sensitization is an amplified pain response involving an increased state of excitability of central neurons that can be detected by long-term changes in nociceptive withdrawal reflexes and increases in cortical event-related potential amplitudes. 5 With peripheral sensitization, pain can be abnormally propagated by changes in the neuropeptide signaling that forms the basis of neurogenic inflammation, involving processes such as vasodilatation, plasma extravasation, infiltration of cytokines, and attraction of macrophages. 6 During peripheral sensitization, the excitation threshold of nociceptors decreases so that nonpainful stimuli activate painful responses and noxious stimuli evoke even stronger responses than in the nonsensitized state. 7 A variety of proinflammatory mediators, especially eicosanoids, bradykinin, neurotrophins, and cytokines, have been implicated in neuropathic pain and reveal the close link between inflammation and neural hypersensitivity. 6, 8 Visceral pain represents another basis of chronic pain conditions commonly seen in clinical practice and comprises visceral and somatic afferent inputs, which may also be affected by cognitive, emotional, and autonomic brain centres (the so-called ''brain-gut axis''). 9 Visceral pain may be associated with both peripheral and central sensitization, which involve inflammatory mediators and increased excitability of the spinal cord and higher center neurons, respectively. 9 Numerous therapeutic options are currently available for chronic pain conditions. Nonpharmacological options (e.g., pain education, exercise therapy) are often used as an initial treatment step before introducing pharmacological and other treatment strategies. Nonpharmacological options can also help reduce the required dose of pharmacological treatments. However, the usefulness of nonpharmacological options extends beyond this initial period to help control chronic pain, usually in combination with drug and other therapies, in individual chronic pain patients. Regarding pharmacological treatments, small molecule agents, including acetaminophen, nonsteroidal anti-inflammatory drugs (NSAIDs), antidepressants such as serotonin and norepinephrine-reuptake inhibitor drugs (SNRIs), calciumchannel alpha(2)delta ligands, opioids, tramadol, and tapentadol, have been the traditional mainstay of chronic pain management. A detailed description of the mechanisms by which these agents treat pain is beyond the scope of this review. However, in brief, opioids mimic the actions of endogenous opioid peptides by interacting with presynaptic mu, delta, or kappa opioid receptors to reduce neuronal excitability and inhibit the release of nociceptive neurotransmitters. Acetaminophen and NSAIDs inhibit cyclooxygenase to reduce prostaglandin synthesis, which produces analgesic and anti-inflammatory actions. Calcium-channel alpha(2)delta ligands, such as gabapentin and pregabalin, bind to the alpha(2)-delta subunit of voltage-dependant calcium channels to reduce calcium influx into neurons and thereby decrease the release of pain neurotransmitters such as glutamate, norepinephrine, and substance P. The analgesic action of antidepressants is complex but often involves reuptake inhibition of neurotransmitters including noradrenaline and serotonin involved in descending inhibition of pain transmission. Tramadol and tapentadol combine these noradrenergic and serotonergic effects with mu opioid receptor activity. Although these agents remain the most widely used for chronic pain, a variety of approaches such as reformulations to provide alternative delivery methods have been investigated and implemented to enhance the utility and overcome limitations of currently available therapeutic options. 10 Further, it has become clear that there is a need for new therapeutic options based on recognized limitations of existing therapies. Such limitations mainly include lack of efficacy, either as acute or prophylactic treatment, or undesirable adverse effects. For example, in the case of migraine therapy, most triptans were introduced in the early 1990s but remain underutilized, whereas prophylactic agents have the potential for serious and/or bothersome adverse events.
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In this setting, biologic therapies, particularly monoclonal antibodies (mAbs), have been increasingly investigated for a variety of chronic pain conditions. [12] [13] [14] Based on these investigations, several mAbs have emerged as attractive alternatives to small molecule therapies. 13, 15 The fundamental nature of mAbs provides several potential benefits for the treatment of chronic pain states. Firstly, the high affinity and specificity of mAbs for predetermined ligands involved in pain transmission allows for specific and effective targeting of molecules involved in pain transmission, especially those related to neurogenic inflammation. This high specificity may also lead to the relative absence of unwanted adverse effects, which are a common and sometimes treatment-limiting issue with other pharmacological treatments. Further, the long elimination half-life of mAbs allows for less frequent dosing, which may improve patient acceptability and adherence. Conversely, a number of potential disadvantages of mAbs when used for chronic pain have been identified. Firstly, the molecular size, hydrophilicity, and gastric degradation of mAbs preclude oral administration and necessitate parenteral administration by intravenous, intramuscular, or subcutaneous routes. As a result of hydrophilicity and large molecular size, mAbs are highly limited in their ability to cross the blood-brain barrier. Finally, from a practical perspective, the high cost of developing, manufacturing, and purifying mAbs for commercial use remains a major challenge to their widespread application. 16 Although there are a large number of clinical trials of mAbs for chronic pain conditions and reviews describing these studies, literature describing the broad treatment landscape to help practicing physicians is limited. Therefore, this qualitative review designed for physicians aims to (1) provide a practical overview of mAbs in clinical development for chronic pain in relation to their mechanisms of action in common clinical target conditions, (2) lay a foundation to help pain specialists and physicians treating patients with chronic pain to make informed treatment decisions based on these mechanisms of chronic pain, and (3) provide our clinical opinion on the major changes envisioned in this therapeutic area. As use of mAbs as a therapeutic option for chronic pain increases, it is expected that there will be an increasing need for education of both physicians and patients on mAbs.
Material and methods
This qualitative literature review on mAbs for chronic pain used a systematic, preplanned search strategy to locate potentially relevant human clinical studies in English for inclusion. In terms of publication types, evidence from randomized controlled trials, systematic and nonsystematic (narrative) reviews, observational studies, nonclinical studies, and case reports were included. As this review focused primarily on pathophysiological mechanisms in a diverse range of chronic and intermittent (e.g., migraine) pain conditions, no specific restrictions based on outcome measures were included. Search terms for relevant pain conditions were combined using Boolean operators with ''monoclonal antibodies'' as the intervention search term (Table 1) . Studies were identified using electronic searches of MEDLINE via PubMed (1 January 1990 to 9 June 2017) in addition to handsearching reference lists of relevant systematic and nonsystematic reviews retrieved during the electronic searches.
Monoclonal antibodies: Mechanisms of action and clinical applications mAbs are artificially produced antibodies developed from single animal or human cell lines and consist of large B-cell-derived glycoproteins made up of two heavy and two light chains held together by disulfide bonds to form a Y-shaped protein (Figure 1 ). Variable regions within the mAb chains confer antigen specificity that provide different therapeutic actions at different ligands or receptor sites. During the development of mAbs, immunoglobulin isotypes with long elimination half-lives are usually chosen, as these provide an extended pharmacological response that allows for reduced administration frequency. 17 As such, half-lives of mAbs under development for chronic pain conditions allow administration at greater intervals between doses than conventional agents. In contrast to small molecule agents, toxicity of mAbs is generally related to ligandor receptor-mediated interactions rather than dose accumulation. Therefore, the maximal tolerated dose may be difficult to define for mAbs, as adverse reactions may occur even at low doses in susceptible individuals. 18 Several distinct pathways and mechanisms have been identified by which specific mAbs can alter pain transmission and perception.
Nerve growth factor
Pain-related mechanisms. Nerve growth factor (NGF) is a pleiotropic neurotrophin that plays a major role in the generation and maintenance of both nociceptive and neuropathic pain. 10, 12, 13 Several sources of evidence support the role of NGF in chronic pain states. 12, 19, 20 Hypoalgesia has been observed in knockout mice lacking NGF as well as in patients with genetic polymorphisms that affect NGF expression. 20 In contrast, hyperalgesia has been associated with experimental and clinical administration of NGF in animals and humans, respectively. 20 NGF can produce pain perception and hyperalgesia via a number of mechanisms. 10, 12, 13, 19, 21 Firstly, expression of NGF has been found to occur early in response to inflammatory mediators such as interleukin-1 and tumor necrosis factor-a (TNF-a) that are involved in neurogenic pain transmission. 12 In this setting, NGF pain signaling predominantly acts by binding to the tropomyosin receptor kinase A (TrkA) to form an extremely stable complex with an estimated half-life greater than 100 h. This, in turn, facilitates the autophosphorylation of the TrkA intracellular domain and subsequent downstream pain signaling cascades, including the mitogen-activated protein kinase (MAPK) pathway on nociceptive terminals. 12, 20, 22 Secondly, NGF sensitizes nociceptive neurons to painful stimuli through upregulation of ion channels and receptors present on primary afferent nerve fibers and increases the release of pain mediators (e.g., substance P) that potentiate the pain response. 12, 20 In neuropathic pain, NGF may sensitize nociceptors leading to hyperalgesia. 7 In an animal study of neuropathic pain, MNAC13, an anti-TrkA mAb, induced analgesia in both inflammatory and neuropathic pain models in CD1 mice. 23 Similarly, AF-556-NA, a polyclonal anti-NGF antibody, reversed tactile allodynia in established models of neuropathic and inflammatory pain in rats and mice. 24 In preclinical studies, anti-NGF aD11 mAb effectively antagonized rodent NGF to produce significant and longstanding analgesic effects of persistent pain in mice models. 25 Clinical applications. Several mAbs that target NGF, including tanezumab, fulranumab, and fasinumab are in clinical development for various chronic pain conditions, particularly osteoarthritis (OA; Table 2), 13 with tanezumab being the most advanced. Phase 3 trials of tanezumab resumed in 2015, following a partial clinical hold on the development program by the US Food and Drug Administration (FDA) in 2012 due to adverse changes noted in the sympathetic nervous system of animals. 42 Evidence supports the role of neuropathic pain mechanisms in OA that may be addressed by anti-NGF mAbs. 43, 44 To date, tanezumab has been shown effective for reducing pain and other symptoms associated with OA of the knee or hip in seven placebo-controlled phase 2/3 clinical trials and in open-label and active-control studies. [26] [27] [28] [29] [45] [46] [47] [48] [49] In one study, tanezumab produced reductions in pain scores and also provided improvements in physical function and stiffness scores, with a lower adverse event frequency than oxycodone. 45 When added to sustained-release diclofenac, tanezumab resulted in significant improvements in pain, function, and global assessments in a randomized, placebo-controlled trial of 604 patients with moderate-to-severe knee or hip OA. 26 Similarly, evidence supports the involvement of neuropathic pain mechanisms in chronic low back pain (CLBP), and NGF has specifically been implicated in pain transmission in patients with CLBP. 30, 50 In one randomized controlled trial, tanezumab provided statistically and clinically superior analgesic efficacy to placebo and naproxen in patients with CLBP without radiculopathy. 30 A larger randomized controlled trial of tanezumab 10 mg (n ¼ 321) or 20 mg (n ¼ 527) found that both doses provided similar and sustained improvements in a number of effectiveness outcome measures, including the Brief Pain Inventory Short Form, Roland Morris Disability Questionnaire, and Patient's Global Assessment of CLBP. 31 These improvements were sustained in a long-term extension study. 32 Further, tanezumab provided effective pain reduction in 38 patients with diabetic peripheral neuropathy in a randomized controlled trial, 51 although similar results were not shown in a trial of patients with postherpetic or posttraumatic neuralgia. 33 In patients with metastatic bone pain, agents that target NGF appear to be a promising strategy. 52 In a phase 2 placebo-controlled study, tanezumab was associated with a nonstatistically significant greater reduction in average pain compared with placebo in 59 patients (placebo, n ¼ 30; tanezumab, n ¼ 29) with painful bone metastases. 34 In an openlabel extension, mean pain scores were reduced compared with baseline through to 40 weeks. 34 Fulranumab has been investigated in patients with chronic OA of the knee or hip, 35, 53, 54 CLBP, 35 diabetic peripheral neuropathy, 36 postherpetic/posttraumatic neuralgia, 33 interstitial cystitis, 37 and cancer-related pain. 38 In a phase 2 study, fulranumab improved pain, stiffness, and physical function among patients with moderate to severe knee or hip OA pain inadequately controlled by a stable analgesic regimen of NSAIDs and/or opioids (4200 mg of oral morphine equivalents per day). 35 For all efficacy parameters, these improvements were sustained over a 92-week double-blind extension phase. 54 In a phase 2, placebo-controlled study of patients with moderate-to-severe painful diabetic peripheral neuropathy, fulranumab demonstrated dose-related reductions in daily pain. 36 Fasinumab is under investigation in phase 2/3 studies of patients with OA of either the knee or the hip. In one completed placebo-controlled study, fasinumab was associated with significant improvements in walking knee pain, stiffness, and function. 55 Fasinumab has also been investigated for the treatment of acute sciatica but provided no significant clinical benefit compared with placebo for either pain or functional limitations. 56 Further trials in back pain have not yet reported results.
Safety and tolerability. Anti-NGFs are well tolerated with a low rate of treatment discontinuation noted in clinical trials (generally <10%). Peripheral edema, arthralgia/myalgia, headache, burning sensation, paresthesia/hypoesthesia, and pain in the extremities are among the most commonly observed treatment-emergent adverse events. 13, 51 Joint failure requiring total joint replacement is an unpredicted safety signal that led the US FDA to place pain-related trials of NGF antagonists on clinical hold. However, in the case of tanezumab, this partial clinical hold was subsequently lifted after a review of a large body of nonclinical data was submitted, leading to the resumption of the phase 3 clinical program. A dose-dependent increase in the risk of rapidly destructive arthropathies, which is greater with a longer duration of anti-NGF exposure and with NSAID coadministration, has also been noted. 13 Cutaneous sensory symptoms consistent with peripheral neuropathies are uncommon but may be longstanding and represent unmasking or worsening of existing neuropathies.
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Calcitonin gene-related peptide Pain-related mechanisms. Calcitonin gene-related peptide (CGRP) is a well characterized neuropeptide occurring in two isoforms (a-and b-). The a-isoform is the most prevalent and is distributed widely throughout the central and peripheral nervous systems. 57 The CGRP peptide acts on receptors consisting of a calcitonin receptor-like receptor linked to receptor activity modifying protein 1 (RAMP1), a small transmembrane-spanning essential for full functionality. CGRP has been shown to be involved in both pain transmission and inflammation. 57 Importantly, CGRP affects nociceptive transmission by modulating the function of other neurotransmitters and, in the trigeminal ganglion, is often co-expressed with substance P and serotonin receptors. 18, 57 Immunohistochemistry and radioimmunology studies have demonstrated that CGRP is mainly produced in the cell bodies of both ventral and dorsal root neurons, and is especially common in the trigeminal system, including trigeminal nerve endings, the trigeminal ganglion, and higher order neurons. 57 CGRP is considered to have a major role in migraine pathogenesis, as confirmed by studies showing that intravenous CGRP infusion triggers migraine-like attacks in patients with migraine. 58 The release of CGRP at trigeminal nerve endings induces vasodilation, edema, and dural mast cell degranulation, leading to neurogenic inflammation, secondary to sensory nerve activation (Figure 2) . 18, 57, 59 CGRP also acts on second-order neurons in the trigeminal ganglion that project to the trigeminal nucleus caudalis and C1-C2, which transmit pain signals from the brainstem to the thalamus. 18 Satellite glia in the trigeminal ganglion may also respond in a similar way to mast cells in response to CGRP, leading to proinflammatory cytokine release and sensitization of sensory neurons. 59 However, central effects of CGRP are also thought to be involved in the development of migraine. In particular, CGRP may contribute to photophobia and the exacerbation of migraine by light, which are common features of clinical migraine attacks (Figure 2) . 59 Potentiation of migraine pain by light may involve a significant contribution from the posterior thalamus, which contains CGRP-immunoreactive cell bodies (Figure 2) . 59 Clinical
Anti-CGRP mAbs have predominantly been investigated in migraine and related headache conditions. A recent systematic review revealed that studies have also investigated the role of CGRP in the development of somatic, visceral, inflammatory, and neuropathic pain. 60 These studies frequently found correlations between CGRP levels and pain, especially for somatic pain conditions such as OA and CLBP, although no consensus was found for neuropathic pain conditions. To date, there have been no clinical studies to assess the effectiveness of treatments targeting CGRP for pain conditions other than migraine.
For prophylaxis of migraine and related headache conditions, four anti-CGRP mAbs (galcanezumab, eptinezumab, erenumab, and fremanezumab) are currently in clinical development (Table 3) . [61] [62] [63] Most of these mAbs target the CGRP peptide whereas erenumab (AMG-334) targets the CGRP receptor. The clinical spectrum of migraine includes episodic and chronic migraine attacks. Episodic migraine, the most common clinical presentation, is defined as up to 14 headache days (with or without aura) per month. 69 However, episodic migraine may transition to chronic migraine, defined as the occurrence of headaches on at least 15 days per month for at least three months, with headaches having features of migraine on at least eight days per month. 70 All four anti-CGRP mAbs investigated to date have led to significant reductions from baseline in either episodic and/or chronic migraine days per month compared with placebo. [64] [65] [66] [67] 71, 72 A subsequent analysis of phase 2 placebo-controlled trials concluded that anti-CGRP mAbs in clinical development led to similar changes from baseline in migraine days compared with placebo (range: À1.0 to À2.6 days) and numbers needed to treat for responders (range: 4.0-6.2). 73 Therefore, targeting the CGRP peptide itself or its receptor does not appear to lead to relative differences in efficacy. In patients with episodic migraine, benefits of anti-CGRP mAbs have been validated in a recent Table 3 . Anti-CGRP monoclonal antibodies under investigation for migraine and headache prevention. [61] [62] [63] [64] [65] [66] [67] [68] Generic name meta-analysis of these placebo-controlled trials. 74 Additional phase 2 and 3 studies to further determine the efficacy of these anti-CGRP mAbs in episodic and chronic migraine as well as cluster headache are underway or have recently completed with fully published results anticipated (Table 3) .
Safety and tolerability
For mAbs directed against CGRP, adverse events noted in phase 2 clinical studies were generally similar to those noted with placebo and included injection-site reactions, infections, abdominal and back pain, and fatigue. [64] [65] [66] [67] 71 Discontinuation due to adverse events from anti-CGRP mAbs was very low. [65] [66] [67] 71, 72 The physiological vasodilatory role of CGRP raises the possibility of vasoconstriction and cardiovascular adverse events as a possible risk. 18 However, repeated in vitro studies and in vivo studies in animals and humans have demonstrated that both CGRP receptor antagonists and mAbs directed against CGRP lack such vasoconstrictive activity in coronary and cerebral arteries. 18 Indeed, a lack of major cardiovascular effects is the major advantage of inhibition of CGRP over triptans in terms of tolerability profile. 75 Inhibition of CGRP via mAbs is also less likely to cause other serious adverse events, including liver toxicity observed with some small molecule CGRP receptor antagonists. 76 However, the possible long-term effects of depleting CGRP need to be assessed further in clinical studies. 77 
Ion channels
Pain-related mechanisms. Ion channels are transmembrane proteins that allow ions to pass into and out of cells to mediate cell excitability and permit cellular signaling. 78 A number of ion channels, including sodium, calcium, potassium, gamma aminobutyric acid, and transient receptor potential channels (TRPs) have been identified as being involved in pain transmission. [78] [79] [80] Experimental studies in animals and humans suggest that certain voltage-gated sodium channels (Na V s), especially Na V 1.7 and Na V 1.8, are highly expressed in nociceptive neurons of the dorsal root ganglia as well as in small diameter sensory C and Ad neurons involved in neuropathic and inflammatory pain nociception. 79, 81 The action of inflammatory mediators, such as serotonin, may also be mediated by increasing the excitability of sodium channels in sensory neurons. 79 N-type voltage-gated calcium channels are also highly expressed in dorsal root ganglion cell bodies and at the presynaptic terminals where afferent sensory fibers form synapses with postsynaptic dorsal horn neurons. 80 Blockade of N-type voltage-gated calcium channels has been shown to inhibit release of neurotransmitters from central terminals of primary afferent neurons, thereby reducing pain. 82 Clinical applications. Ion channels have been identified as having a role in mediating pain transmission in primary afferents in response to sensitizing factors such as inflammatory mediators (e.g., serotonin, prostaglandin). 78 In particular, TRPs are a broad group of cation channels involved in transduction and transmission mechanisms. 10 Activation of TRPs allows the influx of sodium and calcium and cellular depolarization in response to a wide range of irritants involved in migraine. 78 The fact that TRP receptors are expressed on peripheral sensory neurons, and even nonneuronal cells, and are activated by a wide range of noxious stimuli (e.g., heat, pH, irritants) make them desirable potential targets for pain relief. Indeed, TRP receptors have been implicated in a wide range of pain states, including dental pain, migraine, visceral, neuropathic, and cancer-related pain. 83 Several non-mAb agents that target TRP receptors have been investigated, including multiple TRP cation channel V1 inhibitors (TRPV1)-targeted therapies to potentially treat migraine. However, to date, there are no mAbs targeting TRP receptors in clinical development. Similarly, voltage-gated calcium channels are thought to be causally involved in neuropathic pain and blockers of different receptor types (e.g., N-, T-, L-) have been developed or under investigation. These include the cone snail peptides o-conotoxin-GVIA and o-conotoxin-MVIIA (Ziconotide, Prialt Õ ), as well as better known treatments such as gabapentin and pregabalin, calcium-channel alpha(2)delta ligands that reduce the calcium-dependent release of multiple neurotransmitters. 80 However, once again, mAbs targeting calcium channels involved in pain transmission are not in clinical development. An experimental mAb that targeted a Na V 1.7 channel reduced pain and itch in mice when this mAb was administered by the systemic and intrathecal routes. 81 This confirmed that Na V 1.7 controls pain via both peripheral and central mechanisms and also the feasibility of developing a therapeutic mAb to target pain via these ion channels. However, despite the great potential of mAbs targeting sodium or other ion channels based on preclinical studies, there are no agents in clinical development for the treatment of pain.
Safety and tolerability. Regarding mAb ion channel antagonists, a key challenge in developing clinically useful agents is the potential for interrupting transmission of a wide range of unrelated neural and nonneural pathways. 10 For example, non-mAbs that target sodium channels lack specificity for pain-related transmission, leading to the potential for serious effects such as cardiotoxicity. 81 Another example is the case of TRPV1 inhibitors, which can lead to significant hypothermia and loss of heat perception, resulting in burns. 10 Evolving research into the mechanisms by which ion channel antagonists may interrupt pain transmission will need to conduct careful investigation into the effects on other essential pathways. Further, it is yet to be determined if selective mAbs targeting these mechanisms of action will have the same shortcomings.
Tumor necrosis factorPain-related mechanisms. TNF-a is a pleiotropic cytokine with a well-characterized role in inflammation that has been shown to be effective at reducing symptoms and markers of inflammation in conditions such as rheumatoid arthritis and complex regional pain syndrome. 8, [84] [85] [86] However, TNF-a is also involved at multiple levels in both peripheral and central mechanisms of pain transmission. 8, 86 TNF-a is secreted by immune cells including T-cells, macrophages, and neutrophils, and is integral to inflammatory response. However, in both mice and human studies, high TNF-a expression has been detected at sites of nerve injury, consistent with it being a neuropathic pain-related cytokine. 8 Further, peripheral sensitization of injured nerves may be mediated by neuronal apoptosis in the dorsal root ganglion via caspase-3 cell death pathways stimulated by TNF-a. 87 Regarding central pain transmission, there is good support for a key role of TNF-a in a so-called ''immune-to-brain'' model of pain transmission. 8 For example, evidence suggests that TNF-a mediates central mechanisms of neuropathic pain through microglial systems, in which spinal astrocytes may lead to chronic pain sensitization via TNF-a-induced activation of the MAPK system, which is also involved in NGF-mediated pain transmission. 8, 88 Microglial release of TNF-a also increases neurotransmission in the dorsal horn via presynaptic increase in glutamate release (via TRPV1 activation) and postsynaptic increase in N-methyl-D-aspartate and other receptor activity. In a study of mice and humans, neutralization of TNF-a has been shown to block nociceptive CNS activity in the thalamus and somatosensory cortex, as well as activating the limbic system. 84 These effects were noted as early as 24 h after infusion, whereas clinical and laboratory markers of inFammation (e.g., joint swelling, acute phase reactants) were not affected by the anti-TNF-a inhibitors at these early time points. Finally, in terms of mechanisms specifically related to back pain, TNF-a-induced release of inflammatory mediators, including IL-6 and nitric oxide, has been noted in pathologic intervertebral disc cells. 89 Clinical applications. Currently available mAbs that target TNF-a, including adalimumab, etanercept, and infliximab, have been assessed in a range of chronic autoimmune inflammatory conditions that include pain as a major symptom, particularly rheumatoid arthritis. The anti-inflammatory effects of TNF-a inhibitors that lead to pain relief can be difficult to differentiate from effects produced by pain-specific pathways.
Regarding specific pain conditions, mAb TNF-a antagonists have been assessed in ankylosing spondylitis, CLBP with or without radiculopathy, and sciatica. Ankylosing spondylitis is a chronic autoimmune inflammatory disease and a prototypical spondyloarthritis that mainly affects the axial skeleton with possible peripheral joint and nonarticular involvement. Evidence from a study combining a questionnaire, mechanical and thermal thresholds, and brain imaging has indicated that ankylosing spondylitis is a mixed pain condition with a neuropathic component. 90 In a study of 10 patients with ankylosing spondylitis, anti-TNF-a treatment led to a reduction in Bath Ankylosing Spondyloarthritis Disease Activity Index, pain intensity (as assessed by a visual analogue scale), and analgesic consumption. 91 A more recent retrospective chart review of 129 ankylosing spondylitis patients found that, after 510 weeks of TNF-a inhibitor treatment, approximately 60% of patients had clinically significant improvements (>30%) in pain, including neuropathic pain. 92 Regarding CLBP with or without radiculopathy, or sciatica, recent systematic reviews have found that there is currently insufficient evidence to recommend these agents apart from a reduction in the risk of discectomy or radicular block. [93] [94] [95] However, given that significant reductions in pain intensity were noted in several individual trials, there is sufficient evidence to suggest that further trials are needed, and that results from these could change clinical recommendations in the future.
Safety and tolerability. The tolerability of available mAb TNF-a antagonists has been well characterized in studies of conventional indications, including cancer therapy, psoriasis, inflammatory arthritis, and seronegative spondyloarthritis. A review of the safety and tolerability of mAb TNF-a antagonists in psoriasis concluded that adverse events with relevant agents were not common and the risk of severe adverse events was low. 96 In a meta-analysis of trials in CLBP with radiculopathy, a pooled analysis found no difference in the incidence of adverse events between mAb TNF-a antagonists and placebo (risk ratio ¼ 0.93). 95 Among the serious adverse events that may occur with TNF-a inhibitors are infections (including reactivation of tuberculosis), malignancies (e.g., lymphoma), and worsening of congestive heart failure. 97 Epidermal growth factor receptor Pain-related mechanisms. The epidermal growth factor receptor (EGFR) is a member of the ErbB family of tyrosine kinase receptors involved in the pathogenesis and progression of different carcinoma types. 98 Hence, EGFR inhibitors have been mainly investigated as potential cancer treatments. For example, cetuximab, in combination with irinotecan, is approved for use for the treatment of EGFR-expressing, metastatic, colorectal cancer following failure of irinotecan, or as a single agent in patients with EGFR-expressing, metastatic, colorectal cancer who are intolerant to irinotecan. 99 However, the observation of rapid pain reduction with cetuximab in the absence of tumor shrinkage has raised the possibility that this agent may specifically disrupt pain transmission via mechanism-specific pathways. 100 Specifically, inhibition of EGFR can interfere with MAPK signaling, which is a key driver of neuropathic pain via multiple inflammatory mediators. 100, 101 Clinical applications. The notion that anti-EGFR mAbs may be an effective strategy for pain treatment was first suggested in a 62-year-old male patient with neuropathic pain associated with a recurrence of metastatic rectal cancer. 100 This patient experienced rapid pain relief following initiation of the anti-EGFR mAb cetuximab in the presence of pain relief despite radiological progression, suggesting the direct involvement of the EGFR pathway as the mechanism of pain relief. 100 The possibility suggested by this case led to an open-label study of 20 patients with neuropathic pain who were treated with one of four anti-EGFR mAbs (cetuximab, panitumumab, gefitinib, and erlotinib). 101 Almost all patients experienced rapid (<24 h) clinically significant pain relief (52 point decrease on a 0-10 numerical rating scale for worst pain in the last 24 h). 101 Despite these positive results, controlled clinical trials are still awaited, and the use of anti-EGFR mAbs for pain relief is not currently an approved indication.
Safety and tolerability. Anti-EGFR molecules represent a relatively new form of potential treatment for chronic pain. In cancer patients treated with cetuximab, common adverse events include skin problems (acnelike rash, skin drying and cracking, infections, and abnormal hair growth) and hypersensitivity reactions. 99 In the open-label study of patients with neuropathic pain treated with anti-EGFR mAbs, mild skin changes were the most commonly noted adverse events and were noted in 80% of patients. 101 Anti-drug antibodies and the importance of assay sensitivity
The pharmacokinetics of mAbs are complex and greatly affected by variability in clearance and absorption, which can lead to wide interindividual differences in exposure. 102 Anti-drug antibodies (ADAs) may also affect mAb pharmacokinetics and hence exposure, leading to loss of efficacy or response. Repeated episodic exposure is a key factor that exacerbates the development of ADAs. To reduce the possibility of such exposure, periods during which mAbs are extremely low (i.e., nonmeasurable) should be avoided. 102 From a practical perspective, direct measurement of mAb levels may help avoid low levels that may contribute to ADA development. As a result, the various platforms for detecting mAbs and their relative sensitivity and other features should be carefully considered. In addition to the traditional enzyme-linked immunosorbent assay (ELISA), several alternative assay platforms, including the Meso Scale Discovery Õ (MSD), Gyros Õ , AlphaLISA Õ , and LC-MS/MS technologies with improved sensitivity, dynamic range, and other advantages have been developed. 103 Optimal assay sensitivity, which has been noted with MSD and Gyros Õ , is particularly important when mAb levels have a short half-life related to factors such as body weight and disease severity. 103 The future of monoclonal antibodies in chronic pain Many patients with chronic pain remain a challenge to treat and respond only partially to currently available treatment options, which are often poor at targeting pain specifically, leading to a range of adverse effects. For patients with chronic pain that is unresponsive or poorly tolerant to conventional forms of treatment, mAbs may address an unmet need. For example, current prophylactic treatments for migraine are often ineffective and can also lead to adverse events that can contribute to poor treatment adherence. 76 In this setting, certain mAbs have emerged as a possible option. 12 The development of mAbs for chronic pain faces several obstacles before widespread clinical application can be considered. Firstly, with the exception of tanezumab, results of some clinical trials have been less than remarkable. 13 Secondly, the tolerability and safety of many mAbs in development for these indications is not entirely clear. Thirdly, high costs remain an important practical issue when considering the use of mAbs for chronic pain and may limit widespread application of these agents. Based on these limitations, some have questioned whether mAbs will adequately meet expectations for chronic pain therapy. 13 The future of mAbs for chronic pain will likely depend on (1) additional research to fully characterize the therapeutic potential of agents in terms of efficacy and safety and (2) the ability to match patients in terms of their likelihood to respond to mAb therapy to help ensure agents are maximally effective in the chosen population, while minimizing overall harm and direct treatment costs. Additional research includes carefully conducted clinical studies to determine the safety of mAbs and to subsequently characterize their efficacy, including comparison with accepted treatment options. In addition to efficacy, which generally relates to pain reduction, improvements in function and quality of life as well as effects on pharmacoeconomic parameters also need to be assessed. Regarding patient matching, strategies related to clinical factors, biomarkers, or genetic markers may need to be developed to identify individual patients with the greatest need and likelihood of treatment success from mAb therapy. Assessment of need may be based on demonstrating that patients have exhausted optimized treatment options and combinations, or that there are serious tolerability or safety issues with less expensive therapies. Determining likelihood of treatment success is potentially more difficult to assess. However, phenotyping may present one possible solution, although the actual prognostic value of this needs to be investigated further.
To reduce safety concerns, more data on conditionspecific risks and commitments by sponsor companies to submit additional nonclinical data before initiating further clinical trials have been suggested. These strategies may facilitate clinical trial approvals from regulatory bodies. 12 Despite the apparent effectiveness of certain mAbs in certain chronic pain conditions, similar results are not always replicated in other chronic pain conditions. 12 Further, the design and conduct of clinical trials, including issues related to, for example, patient inclusion/exclusion criteria and disease severity, can greatly affect clinical outcomes and the ability to replicate findings among different trials. Hence, no conclusions should be made regarding replication of study findings unless almost identical clinical trial protocols have been used. Future long-term studies should also provide more information about the incidence and clinical consequences of anti-mAbs antibodies. Studies should also assess the potential for loss of response with continuous mAb therapy, and which forms of combination treatment with other pharmacological and nonpharmacological options are suitable for each kind of chronic pain.
Conclusion
For chronic pain inadequately treated by current treatments, mAbs represent a potential new option. Major classes of mAbs in clinical development for chronic pain target NGF, CGRP, TNF-a, ion channels, and EGFR, each of which has specific mechanisms of action related to pain transmission as well as central and peripheral sensitization. Specific mAbs have been shown to be effective for a variety of chronic pain states, including migraine, neuropathic pain, OA, CLBP, ankylosing spondylitis, and pain associated with cancer (e.g., bone metastases). However, the ongoing clinical development and application of these agents in clinical practice depends on their ability to demonstrate efficacy while balancing these benefits against potential tolerability issues. In addition to tolerability concerns, cost considerations represent a key potential limitation of mAbs for chronic pain. For these reasons, patients with unmet needs in terms of pain relief, prevention of pain, or tolerability issues from currently available treatments are mostly likely to benefit from mAbs targeting pain pathways. Clinicians who treat chronic pain should begin to become acquainted with information regarding these treatment options in development, as they are likely to change the therapeutic landscape of chronic pain management. In doing so, clinicians should become better equipped at characterizing suitable patients for these new options according to disease state, mechanism of action, comorbidity, safety, and tolerability profile.
